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Accurate intermolecular potentials for the lowest three multiplet states-eOpdimer have been produced

on the basis of ab initio calculations. The quintet potential was taken from previous highly correlated CCSD-
(T) calculations. In this work, we perform MRCI calculations, with large basis sets including bond functions,

of the singlet and triplet states, which are of multireference character. As expected the size inconsistency and
lack of higher order excitations limit the accuracy of the MRCI potentials specifically in describing the long
range interactions. We show that the Heisenberg Hamiltonian provides an accurate representation of the
exchange interactions in this system and this enables us to combine the accurate CCSD(T) potentials with the
MRCI spin-exchange parameter to obtain accurate singlet and triplet potentials. The reliability of these potentials
is tested by computing integral cross sections and comparing them with the detailed experimental study of
the Perugia group, with excellent results. More interestingly, comparison with the experimentally derived
potential shows important discrepancies for some angular orientations including that corresponding with the
global minima, indicating the need for further work, both theoretical and experimental, to clarify their origin.

I. Introduction use of multiconfigurational wave functions to properly describe
the features mentioned above. Unfortunately, these type of
methods suffer from size extensivity problems and generally
do not include dynamical electron correlation at the high order
required for an accurate determination of the weak inter-
molecular forces. In this regard, we have to mention the two
methods which have proved to be the most reliable: the CCSD-
(T)3 coupled cluster method, which includes electron correlation
through high orders and is often considered as providing
benchmark results, and the symmetry-adapted perturbation

The study of van der Waals molecules is a topic of general
interest in the physical sciences with far reaching implications
in other areas such as the life scient&se weak intermolecular
forces that bind these systems determine a rich variety of
structural, spectroscopical, and dynamical properties which are
the subject of both experimental and theoretical scrutiny using
state of the art methodolodyOne of the reasons that the area
has continued to be prolific in recent years is the interplay

between experiment and theory, where, for small systems, the . .
level of detail and accuracy of measurements and calculationstheory approach(SAPT), which prowdes. an exc_ellent frame-
work to analyze the components of the interaction energy and

are evenly matched. Furthermore, each development in either,[h identi d i ¢ Unfortunately both
approach pushes the other one in a positive feedback chain. us identify and correct sources of error. Unfortunately bo

. : methods rely on the validity of a single reference expansion of

Among the van der Waals systems which remain a challenge, . -
- the wave function and cannot be generally applied to open-
even for small size systems, are those of open-shell nature. For

these systems additional features arise, such as Iow-Iying.She” specit_es. These poin_ts_i!lustrate the need for further progress
electronic states, spiforbit coupling, and nonadiabatic effects, in developing a new aF’ nitio methodology.

which further complicate their accurate descripfiofurther- ~ Molecular oxygen dimer ©-O; is a good example of an
more, from the point of view of calculating a potential energy interesting open-shell species with unique properties. The fact

surface (PES) via ab initio methods, such systems require thethat the monomer has a triplet ground state leads to three
possible intermolecular potentials for the dimer with singlet,

* Corresponding author. E-mail: ramon@servm.fc.uaem.mx. triplet, and quintet mult_iplicities, which Qetermine it_s unique
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which have been the subject of many past and recent studiesRe values of theD,, and D,y angular configurations which
The nature of its binding was a topic of interest for early coincide with the global minimum for the singlet and quintet
theoretical speculations by Lewisind Paulind. Long and states, respectively. The theoretical estimates are shorter by a
Ewing’ were the first to observe this species at low temperatures few tenths of an angstrom in analogy to the singlet case
using collision-induced spectroscopy. From their study it was discussed above.

clear that the complex was bound by weak intermolecular forces.  The objective of the present work is to perform high quality
Goodman and Brdstrapped the dimer in a neon matrix and ab initio calculations on the singlet and triplet states, which
concluded, from high resolution spectra, that the ground state cannot be studied with the RCCSD(T) method, to obtain the
is a singlet with low-lying triplet and quintet electronic states. most reliable set of theoretical potentials to date. Clearly it is a
Their spectra was only consistent wittDa, or Doy symmetry challenge for multireference ab initio methods to match the
for the complex. More recently it has become clear that the excellent agreement with experiment obtained for the quintet
properties of the dimer are of relevance in a variety of state with the RCCSD(T) methdd.We will show that, by a
phenomena: collisional and radiative processes in the atmo-judicious combination of the ab initio information, we can
spheré, the chemical oxygen iodine las&rand the properties  reproduce most of the detailed features in the cross sections
of new condensed phases of oxydén. measured by the Perugia group.

The accurate determination of the intermolecular potential
and the associated physical properties of the oxygen dimer hadl. Methodology
proven to be a challenge for both experiment and theory.
Although the spectroscopical work mentioned above provided
valuable general information on the complex, it could not
produce rotationally resolved spectra due to the collision-induced
nature of the experiment. From the theoretical point of view, it
is worth mentioning the intermolecular potential developed by
Bussery and Wormét (BW) constructed from first-order
(electrostatic and exchange) contributions at the HartFeek
level® and the second-order polarization energy is evaluated
through a semiempirical procedure proposed by Cambi ét al.,

Four geometrical arrangements of the dimer-O, have been
considered for the present study: lineB.f), T-shapedCy,),
rectangular D,,), and crossedly) structures. We will name
them L, T, H, and X, respectively, as is customary for this
system. To test basis set saturation, we have selected three
progressively larger basis sets. First we use the 5s4p3d2f ANO
basis set? which we have employed in previous studies for
this system and which is designed to recover a large fraction of
the atomic correlation energy. The basis will be denoted by B1
ceumvening i hs ey r difuty nherenttoan ab i w1 SETL S The mpoanceofnclong bone
determination of the dispersion terms. forces is well establishe®.Therefore, we have added the bond

The most complete and accurate determination of the oxygenfynction set [3s3p2d] developed by T#dn that study, it was
dimer intermolecular potential to date was realized in scattering shown that with this set excellent results were obtained for the
of both rotationally hot and rotationally cold (with control of  extremely small interaction energy in helium dimer, and they
the alignment degree) JOmolecular beams with ©target  proved that inclusion of the bond functions allows to replace
molecules by the Perugia grotfpBy using a spherical harmonic  high angular momentum functions centered in the atoms. The
expansion of the potential, they determined the associated radialatter basis set will be denoted B2. Finally in order to further
coefficients fitting relatively few parameters to reproduce the test the basis saturation, we increased the B1 basis to 6s5p3d2f
measured integral cross sections, including glory oscillations anq added an extra f function for the bond function set to yield
which are highly sensitive to the well and long-range part of [353p2d1f], named B3 hereafter. The bond functions are placed
the potential. Comparison with the theoretical BW potential jn the middle of the complex as is customary.
indicated an overall agreement regarding qualitative features ¢ treat the near-degeneracies present in this system it is
such as relative stability with respect to the spin state and angwarmandatory to use multiconfiguration based methods. In a first
orientation but significant quantitative differences exist, most step we optimize the orbitals of the given state using the
notably, the theoretical underestimation of binding energies for cAssck method. Subsequently the multiconfiguration wave
the linear and T-shaped geometries. Significant differences arisefnction so obtained is used as a reference to perform MRCI
also for the equilibrium center of mass distancBg for the calculations in order to include dynamical correlation effects.
D2n andD2g angular configurations, with theoretical values being  Tyg active spaces have been used: the first one distributes 16
shorter by a few tenths of an angstrom. In this respect it is worth gjectrons in 12 active molecular orbitals correlating with the
mentioning that a rotationally resolved spectrum of the-O, oxygen atomic p shell. For the smallest basis set B1, the lowest
dimer was recently obtainédiThe spectrum is highly congested  symmetry geometries and the singlet state this choice leads to
but, with the help of bound state calculations on the BW surface, pRc| expansions of roughly B&ontracted configurations (10
could be analyzed. They confirm tHzx, symmetry of the uncontracted configurations). With such a size, the study of basis
ground state and predict & close to the theoretical estimate. et saturation would be extremely demanding, though possible.

For the quintet state of ©-O, a single configuration reference  Since we are only interested in a limited region of configura-
provides an acceptable zeroth-order wave function (which is tional space and, in particular, we do not explore the stretching
not the case for the other multiplicities) so that it is possible to of bonds in the system, it is possible to reduce the active space
apply the RCCSD(T) method to obtain an accurate ab initio by looking at the occupation numbers of the natural orbitals
intermolecular potential. We recentfyperformed such calcula-  resulting from the previously mentioned MRCI wave functions.
tions providing the best theoretical quintet potentials to date. This allows us to define a smaller active space of 12 electrons
Comparison with the Perugia potential showed an excellentin 8 active orbitals, which lead to easily manageable MRCI
agreement (differences of less than 5%) for the binding energiesexpansions and the study of basis saturation. The adequacy of
as a function of the angular and radial coordinates for most this choice will be illustrated in the next section. The two types
geometries studied, but a surprising disagreement was observeaf calculation will be denoted hereafter MRCI-1 for the smaller
for the linear configuration: the theoretical value is larger by active space and MRCI-2 for the larger. One of the main sources
~65%. Furthermore, appreciable differences were found for the of error with the present methodology is the fact that the MRCI
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R A Figure 2. Comparison of interaction potentials associated with the
Figure 1. Interaction potentials associated with the first sing&et( first singlet state$ = 0) of the dimer @—0- in four selected geometries
0), triplet (S= 1), and quintet$ = 2) states of the dimer £-0; in as obtained from MRCI calculations at different levels of theory.
four selected geometries as obtained from MRCI calculations at the ] ) )
MRCI-1/B3 level of theory. At this point and for reasons that will become apparent soon,

hod i . . . dicti we do not attempt to compare in more detail with the Perugia
method is not size consistent. To improve our predictions, We gmpirical potential, and we turn to a more detailed analysis of

: , N .
thus apply the Davidson's correctiéhi? Another important the MRCI calculations. In Figure 2, we report the interaction

source of error comes from basis set superposition, and we apply,otentials obtained for the singlet state in several different levels
the counterpoise procedd?é*to obtain the final interaction

. of theory, and in Table 1, we summarize the equilibrium
energies. properties for all multiplicities and geometries. Focusing on the
H geometry, it can be seen that the binding energy increases
substantially when adding the first set of bond function&%%

A. MRCI Test Calculations. Results of MRCI calculations ~ from B1 to B2) but shows only a small increase when further
for the first singlet, triplet, and quintet states of the dimer-O increasing the basis set6% from B2 to B3) indicating that
O, are presented in Figures-B and Table 1. A summary of  we are close to saturation. On the other hand, the equilibrium
all the computations using the MRCI-1/B3 level of theory is bond length becomes shorter upon increasing the basis set. A
given in Figure 1. A qualitative agreement with the inter- very similar basis set dependence was observed in ref 17 in
molecular potential of the Perugia grdfis found. For both, CCSD(T) calculations for the quintet state using the same three
theoretical and experimental potentials, X is the most stable sets of basis functions. We can also compare the relative
configuration for the quintet state whereas H is the most stable performance of the two active spaces used with the smallest
one for singlet and triplet states. Also, the ordering of the binding basis set (MRCI-1/B1 and MRCI-2/B1), and as expected, the
energies and the equilibrium positions is the same in both sets,larger calculation yields a larger binding energy8) and only
for instance, for the singlet state, binding energies decrease andlightly shorter equilibrium bond length, suggesting that the
equilibrium positions increase for configurations H, T, X, Land smaller space is already an adequate option. Another test of
H, X, T, L, respectively. The splitting due to spispin this choice can be performed by looking at the relative weight
interaction is also similar within each angular orientation. of the reference wave function in the total expansion, and here

I1l. Results and Discussion
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5 TABLE 1: Equilibrium Distances R (in A) and Binding
Energies D, (in meV) for the Singlet, Triplet, and Quintuplet
States of the Dimer (Q), in Four Selected Geometries As
= § Obtained from MRCI Calculations at Different Levels of
Theory (See Text)

0 -

H X T L
—e—MRCI-1/B3 calculaton R De Re De R De Re De

“rwa Experiment singlet MRCI-1/B1  3.19 14.8 348 9.0 3.86 9.4 434 090
MRCI-1/B2 3.12 17.0 3.39 9.8 3.80 10.0 432 87
MRCI-1/B3  3.11 18.0 3.39 10.1 3.79 10.6 4.31 9.2
MRCI-2/B1  3.17 159 3.46 9.6 3.83 10.2 433 95

triplet MRCI-1/B1  3.37 11.1 348 9.0 391 8.8 436 8.6
MRCI-1/B2  3.31 124 339 9.8 3.84 9.1 434 8.2
MRCI-1/B3  3.29 13.2 3.39 10.1 384 9.7 434 87
MRCI-2/B1  3.36 11.8— - - - - -

quintet MRCI-1/B1 356 8.0 3.48 9.0 401 78 436 8.7
MRCI-1/B2 352 82 339 98 394 78 440 7.4
MRCI-1/B3 351 8.8 3.38 101 393 83 439 78
MRCI-2/B1 355 8.4
CCSD(T)/B¥® 3.43 13.7 3.30 16.2 3.84 129 4.33 11.7

aFor the quintet state, the results of recent CCSD(T) calcualfions
are also reported.Values corresponding to the PES of Ref 17.

—o—CCSD(T)/B3

Energy (meV)

Energy (meV)

under study (MRCI-2/B3 calculations). As expected the binding
energies did not change significantly with respect to the smaller
active space (MRCI-1/B3 calculations), around 6%, whereas
the CPU time for these calculations scaled up roughly 3 orders
of magnitude clearly indicating that the MRCI-1/B3 level of
20 1 I 1 I 1 theory is the choice providing the best balance between the
3 _ 4 5 computational cost and a adequate description of interaction
energies.

A further and important test of the MRCI calculations is the
comparison with the very accurate CCSD(T) method in the case
of the quintet state. In Figure 3, the MRCI-1/B3 interaction
potentials associated with this multiplicity are compared to those
resulting from the CCSD(T) approach using the same baslig set.
A5 - L - The Perugia potential is also shown in this figure. Equilibrium
| 1 1 | 1 | properties from CCSD(T)/B3 calculations are given in Table

-20 3 4 s 1. It is readily seen that both theoretical approaches provide
R A) rather similar values of the equilibrium bond lengths, but the
Figure 3. Comparison of interaction potentials associated with the MRG a_pproach L_mderesn_mates the_ binding energ'es_for all t_he
first quintet state$= 2) of the dimer -0, in four selected geometries ~ Oriéntations studied and in a very important proportion. This
as obtained from ab initio calculations (CCSD(T) and MRCI ap- result clearly indicates that whereas the basis set and active space
proaches) and deduced from the molecular beam experithent. used are satisfactory given the weaker dependences discussed
in the previous paragraph, the MRCI method does not provide
we observe values always above 90%. As a final check on thisthe level of correlation needed to quantitatively describe the
issue, we performed single point calculations, using the bestdispersion forces in the interaction between oxygen molecules.
estimate for the equilibrium geometry, with the largest active This is the reason we do not find pertinent to compare present
space and basis set (MRCI-2/B3) for which the binding energy MRCI and Perugia potentials at a quantitative level. As an
increased by about 8% relative to the smaller active spaceexample of how this comparison could lead to misleading
(MRCI-1/B3). The same test was performed for the quintet state, conclusions, it can be seen that MRCI and Perugia quintet
yielding an increase of 7% in the binding energy. Considering potentials are in excellent agreement for the L geometry (lowest
that the difference in computational costs for the two selected panel of Figure 3). After the comparison between the MRCI
active spaces is nearly 3 orders of magnitude, the adequacy ofand CCSD(T) methods, clearly indicating the MRCI underes-
selecting a smaller active space is evident. For the triplet andtimation of dispersion energies, one must conclude that this
quintet state in the H geometry, we have found the same trendsagreement with the experimentally based potential is fortuitous.
regarding basis set and active space dependence (see Table 1). B. CCSD(T)/MRCI Mixed PES. The theoretical interaction
The basis set and active space dependence also is similar fopotentials depicted in Figure 3 clearly show the superiority of
the X and T geometries, although the variation in the binding the coupled cluster approach over the MRCI method to provide
energies is weaker than that found for the H orientation (see accurate binding energies in the case of weakly bonded systems.
Figure 2 and Table 1). Finally, for the L geometry, we also Nevertheless, until multireference coupled cluster methods
observe a weaker basis set dependence although we notice thdiecome routinely available the method is still limited to cases
adding bond functions (from B1 to B2) yields a slight decrease where the electronic state under study can be well represented
in the binding energy. We have also performed single point by a single configuration wave function. For the dimer-@;
calculations at the equilibrium geometry of the L configuration such a limitation restricts the use of the coupled cluster approach
in its quintet state using the largest active space and basis seto the first quintet state. On the other hand, the energy splitting

Energy (meV)

5

-10

Energy (meV)
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Figure 4. Absolute values of the spin-exchange paramgiefrom Figure 5. Absolute values of the spin-exchange paramétaitained

MRCI-1/B3 energies as a function of the intermolecular separation in from singlet-quintet energy splitting of the MRCI-1/B3 interaction
four selected geometries of the dimes~€@.. The values are given by potentials. The results are compared with the experimentally deduced

[J = (1/2)) V(S = 0) — V(S = 1)| (filled circles), |J] = (1/4)| J valueg® and the ab initio calculations of Wormer et'al.
V(S= 1) — V(S = 2)| (filled triangles), andJ| = (1/6)| V(S= 0) —
V(S = 2)| (open circles). logarithmic scale, absolute valuesXifiave been reported. First

of all it is worth noticing that, until high values of the interaction
between the first singlet, triplet and quintet states of the dimer energies along the repulsive wall are sampled, very sindilar
0,—0; arises from exchange interactions between the two open-values are obtained from singletriplet, triplet—quintet, or
shell diatoms which break the multiplet states degeneracy assinglet-quintet energy splittings. This finding, consistent with
the diatoms approach each other. According to the pioneeringearlier theoretical work325validates the use of he Heisenberg
work of van Hemert et a3 the exchange interactions in the Hamiltonian to describe the spin exchange interactions in the
dimer G—0, are known to be well represented by the dimer Q—0,. The deviations observed at sh&talues arise
Heisenberg exchange operattyy = — 2JS,-Sy, whereS,; and from the presence of a low-lying excited state of triplet
S, are the electron spin operators of the two diatoms. The symmetry associated with the first excited dissociation limit X
Heisenberg Hamiltonian allows to describe the energy splitting 24"+ a!A4. Consequently we will keep thkvalues given by
between the multiplet states from one unique spin-exchangethe singlet-quintet energy splitting in what follows. As an

interaction parameter. additional check, we have obtainetl values from MRCI
calculations at different levels of theory, for the case of the H
V(S=0)=V+4] orientation, where the dependence of the calculated multiplet

N energies on the basis set and active space used is most significant
V(S=1)=V+2) @) (see Figure 2). It was found that the increase of both the basis
V(S=2)=V—-2] (B1 to B3) and the active space (MRCI-1 to MRCI-2) produces
changes of less than 5% on tleparameter, validating the
whereV is a spin-average interaction potential, i.e., excluding procedure employed to determine this quantity.
spin-exchange interactions. In several theoretical studies on the The results obtained from the MRCI-1/B3 potentials are
dimer Q,—0,, the spin-exchange parameddias been extracted = compared in Figure 5 with the experimentally dedudedlues
from first-order perturbation theory calculations and the use of and the ab initio calculations of Wormer and van der Avafrd.
eq 1213250r by more approximate methoésThe experimen-  As can be seen, a remarkable agreement with the empirical
tally deduced PES also uses eq 1 to represent the energy values has been achieved for the H, T, and L configurations,
splitting between the multiplet states. In that case Jtkialues for which larger couplings are found. Discrepancies of less than
were adjusted to reproduce the glory amplitudes of the measuredc% with experimental values are found in the potential well
integral cross sections as well as the second virial coefficient. regions for the H and L geometries, and around 10% for the T
From Eqg. 1, it can be anticipated that values of the spin- geometry. The sign of the spin-exchange parameter is also
exchange parametel could be extracted from the energy correctly reproduced, pointing to an antiferromagnetic coupling
differences between the multiplet MRCI potentials, and then (J < 0) for the H, T, and L configurations in accordance with
combined with the quintet state energies obtained from the experiment. The exception is th¥ geometry where our
CCSD(T) method, to build more reliable interaction potentials theoreticall values are smaller than experiment by about 1 order
for the singlet and triplet states. In this regard, it is important of magnitude, with] < 0 from R., down to 3.4 A where it then
to point out that the exchange interactions are not expected tochanges sign whereas experiment points to a ferromagnetic
be as sensitive as the dispersion interactions with respect to highcoupling g > 0) for all intermolecular separations. With regard
order electron correlation effects. We have thus decided to to the ab initio calculations of Wormer and van der Avdifd,
extract the] parameter from the multiplet MRCI potentials to  theJ values are significantly smaller (around 50% smaller) than
test the validity of the Heisenberg Hamiltonian as well as to those obtained here for all geometries except for the X
compare with previously obtainellvalues. orientation (where larger values are found). This discrepancy
We report in Figure 4 the spin-exchange parameter deducedmay be due to the shape of the diatom molecular orbitals which
from the MRCI-1/B3 interaction potentials. To plot them in a were optimized at the Hartred-ock (HF) level of theory as a
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Figure 6. Interaction potentials associated with the first sing&et(

0), triplet (= 1) and quintet $ = 2) states of the dimer £-0; in

four selected geometries as obtained from the CCSD(T)/MRCI mixed
and the molecular beam experimént.

preliminary step to the first order perturbative calculations.

Indeed, the spin-exchange parameter is directly related to the

overlap between the molecular orbitals of the diatoms, which
explains the nearly exponentidldependence shown in Figure
5. The exception is again the X geometry for which the
negligible overlap due to symmetry produces a more compli-
catedR dependence of thé parameter. Also our calculations
include electron correlation effects which are completely
neglected in the HF calculations of Wormer and van der
Avoird.13
The values of the spin-exchange paramétdeduced from

the MRCI-1/B3 energies were combined with the CCSD(T)

energies obtained for the quintet state to determine the singlet

and triplet interaction potentials:

Vmix(S= O) = V(ccsdt‘S= 2) + 6‘](mrci)

)
Vmix(S= 1) = V(ccsdt‘S= 2) + 4‘](mrci)

Results are shown in Figure 6, and the equilibrium properties

Hernandez-Lamoneda et al.

TABLE 2: Equilibrium Distances R (in a) and Binding
Energies D, (in meV) for the Singlet, Triplet, and Quintet
States of the Dimer Q—0, As Obtained from CCSD(T)
Calculations and the CCSD(T)/MRCI Mixed PES (See Text)

H X T L
Re De R De R De R De
singlet BW? 3.23 19.0 3.33 14.7 4.02 8.0 455 538
thiswork 3.04 25.6 3.31 16.2 3.73 158 4.24 134
expb 3.56 17.0 3.63 15.3 3.74 16.0 4.26 9.1
triplet BW 3.28 17.3 3.33 15.0 4.02 7.9 455 57
thiswork 3.22 19.6 3.31 16.2 3.76 14.7 4.27 12.7
expt 3.61 159 3.62 155 3.79 14.7 430 8.6
quintet BW 3.39 148 3.28 156 4.02 7.6 466 5.6
CCSD(Ty 3.43 13.7 3.30 16.2 3.84 129 433 117
expt 3.68 14.3 3.60 16.0 3.88 12.9 438 7.7

2Values corresponding to the PES of ref 2*/alues corresponding
to the PES of ref 15. Absolute uncertainties are estimateta87 A
on Re and+0.8 meV onDe. ¢ Values corresponding to the PES of ref
17.

H geometry, the singlet and triplet states are found to be
significantly deeper than experiment and displaced through much
smallerR values. Given that our theoretical calculations predict
J values in excellent agreement with experiment such a
discrepancy is directly related to the differenceRnbetween

the CCSD(T) and experimental quintet potentials: since the
theoretical potential well is located at smaller intermolecular
distances and th&parameter grows exponentially with decreas-
ing R's, the splitting due to spin coupling is greatly enhanced
for the present potential. In ref 17, we have discussed with some
detail the possible reasons for the discrepancy inRhealue

of the quintet potential. An issue that is important to bear in
mind is that the functions actually fitted to the experimental
data were the radial terms of the spherical harmonics expansion
and not the specific geometries we are considering here. In that
work,!” the first four radial terms of the expansion were obtained
from the CCSD(T) potentials for the four geometries considered
here and compared with the experimental results. It was found
that the origin of the different equilibrium distances for the H
configuration is the different short-range behavior of the radial
terms of the theoretical and the empirical potentials. Similar
comments apply for theX geometry where the shape of the
theoretical potential agrees with the experimental one although
significantly displaced toward smaller equilibrium positions (see
Figure 6). For the T geometry an excellent agreement with
experiment is found for the three interaction potentials on the
binding energies as well as on the equilibrium positions. Finally,
the results for the L geometry agree with experiment on the
equilibrium bond lengths, and hence on the multiplet energy
splitting sincel values agree, but the binding energies are found
to be significantly larger. This arises from the quintet state
energies provided by the CCSD(T) calculations, and again the
difference can be traced back to subtle differences in the radial
termst’

In Table 2, we have also included the equilibrium properties
of the BW surfacé? Comparison with the present potential
indicates a good agreement for the H and X orientations,
particularly forRe, but smaller values db. for the singlet and
triplet states which can be easily traced back to their smaller
values as discussed above. On the other hand for the T and L
configurations the BW surfarce largely underestimates the
binding energies.

In this point, it is worthwhile to comment on the spectroscopy

associated with each geometry are reported in Table 2. For theexperiments of Biennier et &, where a rotationally resolved
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spectra for the singletsinglet transition [Q(Ag),=ol2 — 2 T T T T T
— V"™(R) MRCI

[02(3%¢7).=0] 2 Was recorded and partially assigned. The analysis
of the spectra, assisted by bound state calculations on the BW
potential, led them to confirm that the H geometry is the most
stable one for the ground singlet state, in accordance with both
the Perugia and the present theoretical potentials. Experimentally &
obtained rotational constants were found to be larger than those §
obtained using the BW potential, indicating that the H equilib- & -6
rium distance should be smaller than the theoretical estimation g

of 3.23 A, which is in line with the present findings but contrary s
to expectations based in the Perugia potential (see Table 2). -10 |-
On the other hand, the experimentally obtained dissociation

energy isDe = 8.0 + 2 meV 16 which compares well with the 12 -

dissociation energy based on the BW potential (9.2 meV) while
the Perugia potential leads to a dissociation energy of 14.20
meV?’ (A detailed discussion on the comparison with the
spectroscopical work and with the BW potential is given in that
work). Clearly, the potential anisotropy plays a crucial role in
the determination of bound states so, at this moment, we cannot
foresee the value that would be obtained with the present 50 -
potential, until more orientations are considered to build a singlet ~
potential energy surface and bound state calculations are

2/5,

o 45 L
performed on it. ‘E
C. Collisional Cross SectionsTo better assess the reliability .
of the MRCI and CCSD(T)/MRCI mixed potentials previously < 40 | — MRCI+longrange Exp

discussed, we decided to test them on experimental findings<, | ... MRCI e Exp. PES
such as the total integral cross sections reported inref 15 for = ., .| e

. . . 35 | T .
scattering of rotationally hot Deffusive beams by ©target g N
molecules. The experimental conditions used to measure these

Q(

data are such that they mainly probe the isotropic component 30 0 e i
of the interaction; i.e., the colliding system approaches the P R RS RS S S S NSNS S S NI
atom—atom limit. Hence for each of the multiplet states we 500 1000 1500 2000
determined the isotropic radial componewt®qR) of the velocity v (m.s™)

corresponding interaction potential following the first expression Figure 7. Comparison of the multiplet isotropic ternv&YR) obtained
of eq 6 in ref 15: from the MRCI-1/B3 calculations and experim&nfupper panel);

Comparison of the total integral cross sections measured from the

00/ __ 1 rotationally hot molecular beam experiment and obtained from semi-
Vo R = §[ZVH(R) + 2Vy(R) + 4V4(R) + V (R] (3) classical calculations using the experimentally deduced PES and the
MRCI-1/B3 PES (lower panel).

where H, X, T and L refer to the four configurations studied. It Q5=%(»), Q5Y(»), andQ5=%(») associated with the singlet, triplet,
is worth noticing that thé/°°YR) terms so obtained represent o4 quintet states respectively:

an approximation to the spherical interaction components. They

would be the exact isotropic contributions if the total anisotropic S=0 S=1 S=2

interaction was expanded in spherical harmonics and only the QW) = Q" () +3Q" (1) +5Q" () 4)
first four terms were considered, as it was previously done for 9
the experimentally deduced PES.

where the weighting factors are given by the multiplet spin

o . . .
The VO%(R) isotropic terms associated with each of the yegeneracies. We report in Figure 7b the experimental total
multiplet states obtained from the MRCI-1/B3 calculations are integral cross sections measured for a wide range of collision

reported in Figure 7a together with those obtained in the yg|qcities, corresponding to collision energies ranging ap-
experiment. We observe that the spin-exchange interactionsproximately from 20 to 300 meV. The multiplet isotropic terms
produces in both sets similar effects such as binding energiesVOOO(R) associated with both the MRCI and experimentally
larger for the singlet states than for the quintet ones, thus geduced PES'’s have been employed in semiclassical calculations
pointing to an antiferromagnetic spin coupling character of the following a JWKB method to compute the corresponding total
isotropic interaction. Nevertheless, rather deeper wells and morecross sections shown in Figure 7b. It is worth pointing out that,
attractive profiles in the long range part of the potentials can in the atom-atom collision regime assumed for the experimental
be globally noticed for the experimentally deduced PES’s. To scattering data, the glory structure of the cross sections provide
take into account the spin-exchange interactions in the analysisinfomation on the potential well featuf8&°while their absolute

of the experimental scattering data, it must be noted that, as avalues contain information about the long-range attracifon.
consequence of the conservation of total spin quantum numberMoreover, the quenching of the glory amplitudes at low collision
Sof the system during a collision, transitions between surfaces velocities are known to be related with the isotropic component
with different spin values are not allowed. Hence the measured of the spin-exchange interaction. As can be seen in Figure 7b,
total cross section®(v) as a function of the collision velocities  the comparison between the experimental cross sections and
v are the weighted sum of the three partial cross sectionsthose obtained from the MRCI potentials suggests an underes-
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2 T T : T T long-range part of the potentials to-aC¢/R® analytical form

i where theCg dispersion coefficient is increased by 26%. From
this corrected potential, we can appreciate only a slight shift
with respect to experiment in the glory structure of the cross
sections at lower collision velocities. It has to be noticed that
an optimal description of the glory pattern (location of the
extrema) would be obtained in the case where the potential wells
area associated with the present isotrog#?yR) terms would

be 13% larger. From the present analysis, it follows that the

0 — V™(R) CCSD(T)/MRCI mixed model |

1
I
I

Energy (meV)
&
I

8 largest inaccuracy in the CCSD(T)/MRCI mixed PES corre-
10 b sponds to its description of long-range interactions since it leads
to cross section absolute values understimated by about 10% at
-12 45 low to moderate collision energies. Nevertheless, it is clear that
S=0 a further improvement of long-range interactions, which actually
-14 ' ' ' . ' differ by about 1 crm® with experiment, would be very difficult
3 3.5 4 45 3 3,5 6 from theoretical ab initio methods.
R (&)
5.4 T T T T T T T T T T T T T T T V. Summary and Conclusions

—— CCSD(T)/MRCI mixed model + long range
""""" CCSD(T)/MRCI mixed model

An accurate set of intermolecular potentials for the singlet
. and triplet states of the £-O, dimer have been obtained on

R the basis of strictly ab initio information. Advantage was taken
’ of the fact that the Heisenberg Hamiltonian provides an accurate
representation of the exchange interactions allowing the com-
bination of CCSD(T) and MRCI ab initio information to
construct the potentials. The potentials developed have been
] . tested by computing total integral cross sections and comparing
e, them with the detailed experimental study of the Perugia gtoup.

QW).v?® (10°A2m?5s25)
>
=)
!

42 - ] Comparison with experiment is very good, especially when one
- Exp. i considers the subtle dependence of glory oscillations and
""" Exp. PES ®) absolute values of the cross sections on the details of the

3l 1 intermolecular potential. On the other hand, comparison with
500 1000 1500 2000 the experimentally derived intermolecular potentials is less

velocity v (m.s™) straightforward. For some angular orientations (mo;t notgbly

Figure 8. Comparison of the multiplet isotropic terr®%R) obtained the T—shaped), g_greemgnt IS excgllent, .bUI fo.r other orle.n.tatllons,
from the CCSD(T)/MRCI mixed potentials and experimiértipper there are significant discrepancies either in the equilibrium
panel). Comparison of the total integral cross sections measured fromg€ometries (H and X) or in the binding energies (most notably
the rotationally hot molecular beam experiment and obtained from the linear geometry).
semiclassical calculati_ons using the experimentally deduced PES and Tg analyze these differences, we use the same spherical
the CCSD(T)/MRCI mixed PES (lower panel). harmonic expansion of the potential used in the experirfent.
timation of both theoretical long-range attraction and well area. Concerning the interaction in the well region, the theoretical
Properly adjusting the long-range part of the MRCI potentials isotropic terms\?°YR)) slightly underestimate the average van
with an analytical form as-C¢/R® and then using a 64% higher ~ der Waals interaction probed by the rotationally hot molecular
Cs dispersion coefficient, it is possible to obtain a good beam experiment: the present analysis suggest that a larger long
agreement with the absolute values of the experimental crossfange attraction (as the one used for the cross section absolute
sections. Nevertheless, the predicted glory pattern of the crossvalue fit) combined with a slightly lighter short range repulsion
section still exhibits a dephased behavior with respect to the would improve the description of the averaged van der Waals
experimental one. This marked difference suggests that theinteraction. On the other hand, it is important to point out that
potential well area of the different MRCI multiplet isotropic  these radial terms have been obtained using a four term spherical
termsVPYR) needs to be much larger. harmonic expansion and a limited set of angular orientations

A similar analysis has been performed for the CCSD(T)/ (4), which could also be partly responsible for the observed
MRCI mixed PES, and the results obtained for the multiplet discrepancies specially when these have been shown to be very
isotropicVO9YR) terms are shown in Figure 8a. It is readily seen small.
to give a better agreement with the experimentally deduced Regarding the reliability of the theoretical anisotropic com-
VOOYR) terms than that obtained from the MRCI potentials. The ponents it would be important to test its capacity in predicting
theoretical potential wells are now more shallow than experiment both integral cross sections measured with rotationally cold
by only a small amount (less than 2 meV) while the equilibrium aligned molecular beartsand second virial coefficients at low
bond lengths are found larger by 0.05 A. The better agreementtemperatured! For this, an analytical representation of the
in the description of long-range interactions is noticeable with theoretical PES is needed. An analytical extrapolation, following
differences of about 1 cm for R > 6 A. This considerable  the procedures described in ref 15, could be attempted. This
improvement with respect to the MRCI potentials is reflected should prove of crucial importance since subtle differences in
in the associated total cross sections shown in Figure 8b. Asthe anisotropic components are responsible of the main dis-
can be seen, the absolute values of the cross sections calculatedrepancies observed for the H, X, and L orientatibi&inally,
from the CCSD(T)/MRCI mixed potentials are much closer to it would be important to perform sensitivity analysis of the
experiment. A further improvement is obtained by adjusting the potential parameters in the simulation of the experimental
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observables as well as more detailed analysis of the different

components of the interaction energy such as exchange

repulsion and dispersion which dominate the shape of the

potentials.
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